Abstract. This paper presents RDCSim, an interactive simulator for reaction-diffusion chemistry (RDC) research, being developed as part of an ongoing project studying how humans interact with unconventional computing systems. While much research into the computational properties of RDC makes use of simulations, the development of multiple RDC simulations across different research groups can lead to results that are harder to reproduce. By automating the storage of parameter values alongside simulation results, RDCSim aims to make reproducing RDC results painless.
Introduction
Reaction-diffusion chemistry (RDC) is an unconventional computing paradigm that exploits the interaction of emergent chemical waves for computation [1, 2, 3, 4, 5, 7, 9, 10, 11, 20, 21, 22, 23] . This paper presents RDCSim, an interactive simulator for RDC being developed as part of an ongoing project looking at how humans interact with unconventional computing systems.
Due to the difficulties associated with producing oscillatory chemical reactions [27, 28] in a wet lab environment, a large number of papers that present results related to RDC make use of simulations for their experiments [2, 3, 7, 20, 21, 22, 23] . While there is consensus on the accuracy of the mathematical models compared with the underlying chemical reactions, the specific implementations of the models can vary between simulations. This increases the risk that results are not consistently reproducible. This impact of this risk can be reduced by developing a single, open-source RDC simulator that provides complete transparency around parameter values and the underlying chemical model used for each simulated result.
RDCSim aims to bring together a single implementation of the most commonly-used RDC models and provide functionality to automatically store parameter values alongside results in a consistent, structured format. Furthermore, implementing RDCSim on a tablet opens the possibility of studying the interaction of humans with unconventional computing substrates.
Finally, RDCSim can be used in research for rapidly designing RDC circuits, and in outreach activities to introduce the ideas behind unconventional computing to a wider audience. This paper is organised as follows: section 2 provides the preliminary background about RDC, and details the chemical model used by RDCSim; section 3 describes the functionality of the RDCSim app; section 4 demonstrates the basic correctness of the implemented system by reproducing key results from the literature; finally, section 5 discusses future work and concludes the paper.
Reaction-Diffusion Chemistry
Reaction-diffusion chemistry (RDC) is a chemical reaction that changes state such that emergent wavefronts of reagent diffuse across the reactor. The most widely-used models are based on the Belousov-Zhabotinsky (BZ) reaction [6, 27] , which may display single waves of reaction or an oscillation between two observable states, depending on the setup used.
The use of a diffusive chemical reaction as a computational medium has been studied in detail, with many image processing operations implemented in the substrate [12, 13, 14] . The intrinsically parallel nature of RDC makes it an ideal candidate for such operations. Other researchers have focussed on the computational power of RDC, looking at maze solving [18] , Voronoi diagram construction [26] ; chemical diodes [5] ; and involutes [15] . Recently, much attention has been given to the similarities between neuronal behaviour and RDC, including spiking neural networks [21] , associative memory [22, 23] , and dynamic neural field theory [16, 19] .
In RDCSim, the BZ reaction is simulated using the two-variable Oregonator model [8] :
The default parameter values for the model are given in table 1. The parameters ( , f , φ, q, D u ) are described in detail in [10] , but (briefly): is a scaling factor, f is the stoichimetric coefficient (a conservation of mass parameter), q is a propagation scaling factor, φ represents the excitability of the substrate, and D u is the diffusion coefficient for the solution.
The model in eqn. 1 is numerically integrated using an explicit forward Euler integration, with timestep δt = 0.001 and five-node discrete Laplace operator with grid spacing δx = 0.25. Catalytic stimulation is achieved by setting the excitatory concentration (u) of stimulated pixels to 1.0. The implemented model is accelerated using a GPU, making the simulation sufficiently responsive for user interaction. Due to this acceleration, the user is able to vary the observable speed of the simulation according to preference or experimental requirement. This is achieved by varying how often the reaction is rendered to screen.
Functionality of the Simulator
RDCSim is built as an iPad app, making use of the built in GPU for accelerating the chemical model. All testing has been performed on the 2017 10.5in iPad Pro running iOS 12.0. This tablet runs an Apple A10X ARM CPU, with 6 cores running at 2.38GHz, 4GB RAM, and a 12-core GPU. By building RDCSim as an app, the touchscreen capabilities of a tablet make designing and running RDC experiments substantially easier. The user is able to stimulate the reaction with a catalyst using their finger or stylus, and are able to draw circuits in the same way.
The RDCSim app, the interface for which is shown in fig. 1 , has a range of functionality implemented with much more planned for development in the near future. The order with which this future functionality is implemented will depend on the requirements when running human experiments and on specific requests from other researchers using the app.
At present, the system allows for freehand and line drawing of inhibitive substrate and catalytic stimulation. Furthermore, to aid in the development of logical circuits, a 'snap line' option has been introduced that draws a line restricted to multiples of 15-degree angles only.
The width of the lines drawn can be customised by the user, with presets implemented that permit different degrees of wave permeability. 'Permeable' lines only slow the propagating waves; 'semi-permeable' lines allow waves to pass that approach perpendicular to the barrier, but not parallel, making them ideal for logical AND gates (see sect. 4.1); 'impermeable' line stop all waves. Fig. 1 : User interface of RDCSim. The main reaction takes place in a 400x300 pixel simulation, scaled to 800x600 pixels for display to the user.
In the presets for RDCSim, these are defined as 2, 3, and 8 pixels wide for permeable, semi-permeable, and impermeable lines, respectively.
Furthermore, presets for the background have been implemented so that the user can choose to work by removing substrate from a filled background or by adding it to an empty background. There are plans to implement saving and loading of user-defined backgrounds in the near future. Fig. 1 shows the user interface of the system, with an empty background (black) and a diode circuit being tested.
As described in section 2 the chemical model currently implemented in RDCSim is the two-variable Oregonator model [8] , based on the well-known Belousov-Zhabotinsky (BZ) reaction [27, 28] . At present, the variables for this model are fixed but work is ongoing to make these available to change by the user, along with providing presets for different observed behaviours (such as sub-excitable wave fragments [4] ).
Finally, one of the key objectives for this project is to increase the reproducibility of results in RDC research, so the next major release of RDCSim will include database integration. This will provide a way to consistently save results and parameter values alongside one another. Moreover, by using a structured format for parameters and results, these can be re-loaded into RDCSim for verification at a later date.
Outputs from the Simulator
The simulated reaction is rendered to screen using the following colour-mapping:
Red pixels: concentration of u Green pixels: inhibitive substrate Blue pixels: concentration of v Fig. 2 shows an image rendered by the app, displaying alternating waves above and below the inhibitor, produced by the dual spiral patterns in the topleft. There are currently two ways to output results from the simulator. The first saves a snapshot of the current state of the reaction to an image on the tablet. The second records a timelapse of the reaction at a rate set by the user. This timelapse can then be saved as an image to the tablet. In order to improve the clarity of timelapse images, only the concentration of u is recorded over time, and overlaid on top of the static inhibitive substrate. An example snapshot and timelapse image are provided in figs. 3a and 3b. To demonstrate that the system is working correctly, this section reproduces two seminal RDC results from the literature: the logical AND gate [9] and chemical diode [5] . All circuits and catalytic stimulation used in this section have been drawn by hand using the tablet interface, and results are presented using the standard outputs from the simulator.
Logical AND Gate
Due to the lack of a clock signal in RDC, a logical AND gate is equivalent to a coincidence detector [9] . By arranging two active regions separated by a passive region (as shown in fig. 4 ), the wave can only propagate across the passive region if two waves collide opposite the output region. 5a shows a timelapse image of a single input entering the implemented gate, demonstrating that it is not able to propagate to the bottom of the circuit, where the output is measured. When both inputs are present, however, as in fig. 5b , the interaction between the two waves is sufficient to stimulate the output region and form an output wave. As such, the conjunctive logic is implemented and successfully demonstrated.
Chemical Diode
The chemical diode [5] is an essential component for any medium-or large-sized RDC circuit. It prevents waves from propagating in an unintended direction through the circuit. The basic chemical diode is a very simple design (see fig. 6 ), [5] . The top row shows the waveapproaching from the top-unable to propagate from cathode to anode. The bottom row shows the wave-approaching from below-able to propagate from anode to cathode. Time progresses from left to right. Image reproduced from [5] .
This design for a diode is implemented in RDCSim and allows chemical waves to propagate from the anode to the cathode, but not from the cathode to the anode-as shown in figs. 7a and 7b. 
Future Work
While the simulation is currently sufficient to run simple experiments, there are a substantial number of improvements planned for the near future. The first improvement is already under development, to allow users to alter the chemical model parameters and to integrate the simulation with a database to store the parameter values alongside simulation outputs. This will help to improve consistent reproducibility of results, one of the primary aims for developing RDCSim.
Furthermore, the ability for users to save and load presets, and to save and load circuits / backgrounds is a high priority, again helping to improve reproducibility across experiments, but also to improve the speed with which researchers can develop RDC solutions.
Finally, the long-term plans for RDCSim include development of multiple chemical models, vesicle models, and the ability to record inputs in real-time. These will help to expand the user base for the simulator, but are not essential for current research plans.
The primary application for this RDCSim is for the study of human-RDC interaction. By studying how lay humans naturally interact with a chemical substrate, novel forms of human-computer interaction could be formed which can help inform current practice. The use of tangible chemical interfaces are already being investigated [17, 25, 24] , and combining the computational power of diffusive computing with the interfaces already under development offers a route towards radically-different computing systems in future.
Summary
This paper has presented the ongoing development work of RDCSim, a GPUaccelerated, interactive simulator for reaction-diffusion chemistry research. The simulator is verified using two seminal examples from the RDC literature: logical AND gates and chemical diodes.
There are two main aims for RDCSim. The first is to develop a simulator that enables effortlessly-reproducible RDC research. The second is to use the app to study how humans interact with unconventional computing systems. The work in this paper represents the first step towards these aims, providing a system that can be used for basic human interaction studies.
Finally, the author hopes that other RDC researchers will make use of, and contribute to, the development of the simulator 2 , and that through various outreach events it can be used to encourage new interest in unconventional computing methods.
